Public bicycle acts as a seamless feeder mode in combination with the citywide public transit, as well as a competitor for the innercity short trips. The primary objective of this study is to address the layout planning of public bicycle system within the attracted scope of a metro station. Based on the land use function, population, and bicycle mode share, bicycle rental stations are divided into three types, namely, the metro station, district station, and resident station, and later the quantity of bicycle facilities in each rental station is estimated. Then, the service stations are selected from these bicycle rental stations to provide the service of periodical bicycle redistribution. An improved immune algorithm is proposed to determine the number and locations of service stations and the optimal route options for the implement of redistributing strategy. Finally, a case study of Nanjing Tianyin Road metro station is conducted to illustrate the proposed model and clarify some of its implementation details.
Introduction
Public bicycle system, also known as bicycle sharing system, has been introduced as both a competitor for one-way trips and a seamless feeder service to public transit. In the past decades, there has been a measureable increase in public bicycle use (shown in Figure 1 ) for both commuting and recreational trips in Europe [1] [2] [3] , North America [4] [5] [6] [7] [8] , and Asia [9, 10] . At present there are an estimated 375 programs in approximately 165 cities worldwide with more than 237,000 bicycles in May 2011 [11] . Since public bicycle system was first launched in The Netherlands in 1965, its evolution has been categorized into four key generations [12] . The first generation is called white bicycle plan. Bicycles were unlocked and located haphazardly throughout the city. They could be picked up and off anywhere in the city, and their use was free of charge. The main disadvantage of first-generation system is the serious result of bicycle theft and vandalism. Second generation, the coin-deposit system, made some improvement based on the problems encountered in the first-generation program. The system was characterized by bicycles with locks and specific docking stations where bicycles were borrowed and returned. In a third generation of public bicycle system (the so-called ITbased system), advanced technology (e.g., magnetic-stripe cards, smartcards, or mobile phones) was introduced for check-in and check-out in docking stations. Information technology could improve system service and hinder bike theft. In this system, bicycles were in free use for a certain period of time (usually half an hour or an hour) and then were charged for the extra time to encourage short trips. The fourth generation is a demand-responsive, multimodal system, which is built on the technology of the thirdgeneration system by implementing enhanced features. The most innovative feature is bicycle redistribution which can facilitate system rebalancing. Based upon real-time demand, bicycles are moved from one station to another to ensure that bicycles and empty racks are always available for users pickup and drop-off at any station.
The history of public bicycle in China is relatively short. The largest and most famous public bicycle program in China is in Hangzhou. As of March 2011, Hangzhou public bicycle operated 60,600 bicycles with 2,416 stations [13] . Despite its limited experience, China is one of the fastest growing markets for public bicycle today. At present, more than sixty cities in China are developed or are developing public bicycle system [14] . Currently, public bicycle service provided in these cities is classified as the third-generation IT-based system, because it uses distinct bicycles with locks, docking stations, and smart cards for bicycle check-in and check-out. As a complement to existing public transit, the success of public bicycle system heavily depends on the locations of bicycle rental stations. In China, bicycle rental stations are usually constructed under the attractive scope of citywide transportation stations (e.g., metro, BRT, or light rail transit; the object of this study only refers to metro stations). Besides, in the vicinity of a metro station, there are usually many residential neighborhoods. They are the origins of current and potential public bicycle users. If bicycle rental stations are located in the entrance of each residential neighborhood, it is highly likely to generate an increase in the number of public bicycle users. However, few relative studies in the literature focus on the layout planning of public bicycle rental stations within the attracted scope of a specific public transit station. In the future, the public bicycle system will evolve into the demand-responsive, multimodal system. At present, only some public bicycle systems are included in the category of the fourth generation, such as Montreal, Canada [15] , and current research on the existing fourth-generation system is limited. For instance, an online survey was conducted in Montreal by Julie et al. [16] to determine the factors influencing frequency of public bicycle use. Results show that the proximity of home to docking stations had the greatest effect on the likelihood for use of a public bicycle system. As mentioned above, in the fourth-generation system, bicycles are redistributed among docking stations based on the realtime demand. Before implementing bicycle redistribution strategy, it is crucial to find proper number and locations of docking stations which can provide the service of dispatching bicycles. However, previous studies did not consider how to determine service stations in a public bicycle system. Besides, these previous studies still did not focus on the route options among various docking stations when redistributing public bicycles.
The primary objective of this study is to investigate the layout design of public bicycle rental stations within the attracted scope of a metro station. More specifically, this study includes the following two tasks: (1) to classify public bicycle rental stations around a metro station into three types and (2) to establish an improved immune algorithm to determine appropriate bicycle service stations and to search the optimal routes when redistributing public bicycles among various docking stations. The remainder of this paper is organized as follows. In Section 2, qualitative classification of public bicycle docking stations is presented and methodology used in this study to model the layout design of the public bicycle system is proposed. Section 3 gives a case study to illustrate the proposed model. The paper ends with brief concluding remarks in Section 4.
Model Formulation

Problem Description.
The public bicycle system is designed within the attractive scope of a specific metro station (see Figure 2 ). Many residential neighborhoods are constructed around the metro station. These residential areas are the main origins of public bicycle users, and hence public bicycle rental stations are suitable to be placed at the entrance of each residential neighborhood. These docking stations are called resident stations, which are the main origin and destination of public bicycle in daily trips. Public bicycles from these resident stations are usually served as both an intermodal transfer to existing public transit and a competitor for the entire trip. Bicycle rental stations placed at the destination can be categorized into two types. (1) Metro station: the metro station is the most attractive location for public bicycle users to citywide area and hence is regarded as a central station.
(2) District station: the flexibility of public bicycle makes it especially suitable for an entire short-distance trip. Residents can use public bicycles for commuting trips from home to their workplaces or for recreational trips to neighboring supermarkets, malls. Bicycle rental stations placed at these places are named district stations. The service stations are selected from these docking stations to provide the service of periodical bicycle redistribution. The attractiveness of metro station (or district station) differs from the proximity from resident station to the metro station (or district station). Shan [17] proposed a bilevel structural model to get the relationship between bicycle mode share and trip distance. In two stages, the rational mode share of bicycle is represented in Table 1 .
Given a set of origins, destinations, the number of households in each residential neighborhood, and the stochastic travel demands from origin to destination with known parameters, we would like to determine bicycle facility placed at each docking station and where to locate the service stations. Specifically, resident stations should carry enough bicycles to guarantee residents can find public bicycles when needed, at least meeting the demand for morning peak period. The metro station and district stations provide corresponding bicycle racks for these public bicycles. Besides, bicycle rental stations should be checked up periodically. As the central station, the metro station mainly provides the service of dispatching bicycles for district stations and service stations. Each service station is responsible for some resident stations which belong to its management.
Mathematical Model.
To formulate the problem, variables and parameters are first introduced as follows.
Subscripts and Sets
∈ denotes the resident stations;
∈ denotes the district stations; ∈ denotes the service stations.
Input Parameters
is the daily bicycle demand within the morning peak period; is the number of public bicycles in the metro station; is the number of public bicycles in the district stations; is the number of public bicycles in the resident stations;
is the bicycle mode share from station to the metro station; is the bicycle mode share from station to station ; is the ratio of bicycles (from station to station ) to total bicycles in station ; is the ratio of public bicycles to total bicycles; is the bicycle mode share in station ; is the distance from station to station ; is the distance from station to the metro station;
is the upper limit distance between two stations; is the number of service stations; equals 1 if station is dominated by service station and is 0 otherwise; equals 1 if station is a service station and is 0 otherwise.
Algorithm Variables
, V ∈ denotes the antibodies;
is the capacity of a memory base; is the expected antibody-production probability of antibody ; is the affinity between antigen and antibody ;
V is the affinity between antibody and antibody V; is the antibody concentration; is the penalty coefficient when distance exceeds ; is a preset constant between 0 and 1; is a preset threshold value.
The number of public bicycles placed at each resident station should at least meet the peak-hour travel demand for each residential neighborhood. Accordingly, the metro station and district stations should have enough empty bicycle racks exclusively available for these public bicycles. In other words, supply of public bicycle facility in the metro station and district stations equals public bicycles in resident stations, which is expressed as follows:
(1) The number of public bicycles in the resident stations and the number of bicycles racks in the metro station and district stations are described by the following:
When the public bicycle system is established, we need service stations to manage docking stations periodically, such as inspecting the problems about theft or vandalism and dispatching bicycles to redistribute bicycles among docking stations. As the central station, the metro station will be a service station responsible for managing the metro station and district stations. Within resident stations, several docking stations are selected to provide the service of management for certain resident stations. Based on the abovementioned notation, the following service station model can be formulated:
subject to
∈ {0, 1} , ∀ ∈ , ∀ ∈ ,
∈ {0, 1} , ∀ ∈ .
The objective function (3) contains two terms. The first term 1 is the sum of the product of travel demand of resident station and proximity from resident station to the service station. The second term 2 is the sum of the product of travel demand of metro station and proximity from metro station to the service stations. Constraint (4) ensures that the proximity from the resident station to the service station is no more than the upper limit distance . Constraints (5) and (6) ensure that each resident station is only dominated by one service station. Constraints (7) and (8) are the integrality requirements for the location variables of the service stations. The service station model is an integer nonlinear program. In this paper, an improved immune algorithm (IIA) is applied to determine the optimal number and locations of the service stations within the resident stations. IIA is composed of six steps shown in Figure 3 .
The process of IIA is described below.
Step 1 (recognition of antigens). Input data, the objective function (3) and constraints (4)- (8), operate as the antigens of immune algorithm.
Step 2 (production of initial antibodies). Establish a memory base, which contains antibodies. Each antibody consists of service stations. Initially, antibodies are created randomly from the resident stations.
Step 3 (calculation of affinities). Each antibody is estimated by the expected antibody-production probability . is related with the affinity between antigen and antibody and antibody concentration . Calculation of three variables is expressed as follows:
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Step 4 (sequence of antibody-production). For advance of the optimal performance, antibodies are descending ordered based on their values of .
Step 5 (production of new antibodies). In this step, new antibodies will be produced by the operations of selection, crossover, and mutation. Antibodies are selected into the memory base, based on roulette wheel selection. Two antibodies selected randomly are mutated by the predetermined mutation rate. And the linear crossover is carried on each other. These new antibodies will substitute initial antibodies with low .
Step 6 (termination criterion). If the termination criterion is satisfied, this optimization procedure ends. The termination criterion is the number of generations which attains the predetermined iteration number, which is assumed to be 200. If it is not satisfied, repeat from Step 3 to
Step 5 until the terminal condition is met.
Case Study Analysis
Data Collection and Settings.
A small example was used to illustrate the proposed model. In this paper, Tianyin Road station, a stereotypical metro station from Nanjing metro line 1, was selected as the central metro station. It is located in Jiangning District, which is an important district of Nanjing city and owns the largest population of all the districts. Tianyin Road station has large daily travel demand for the downtown district. Besides, many supporting facilities for employment, living, and amusement are surrounded by this area. 10 sites are selected as district stations, and these sites are distributed from each direction around the metro station. There are 31 residential neighborhoods within the radiation scope of Tianyin Road station, and 31 district stations are set, respectively. These district stations are located at the entrance of each residential neighborhood. Locations of the bicycle rental stations are shown in Figure 2 . Data about number of households in each residential area were obtained. Initial planning of public bicycle system should be conservative, and we assume the average number of travel trips for each household is 1. The percentage of public bicycles in total bicycles is assumed to be 0.2. The parameters in the improved immune algorithm (IIA) are set as follows: IIA is run with a population size of 50 and the number of evolution generations is set to 200. Crossover probability and mutation probability are set to be 0.7 and 0.3. and are set to be 0.9 and 0.7, respectively. As shown in Table 1 , the bicycle mode share decreases when distance is over 3 km, and is set to be 3 km. equals threefold .
Public Bicycle Facilities in Bicycle Rental
Stations. The problem was solved by Matlab R2008b, on a notebook computer (Intel Core Duo and 1 GB of memory) with a Microsoft Windows XP operating system. Table 2 presents   0   100   200   300   400   500   600   700   800   2  3  4  5  6  7  8  9  10 11 12 the number of public bicycles and corresponding racks in three types of bicycle rental stations. Public bicycles in resident stations will be allocated about 17 public bicycles per thousand households. During the initial planning stage, some resident stations (e.g., C 3 , C 7 , and C 20 ) only set two or three bicycles, which will be the initiation of advocating residents understanding and utilizing public bicycles. When residents get familiar with the public bicycle system, it will be considered to gradually increase the number of public bicycles in these resident stations.
Results of Service Stations Selection.
When bicycle facilities in each bicycle rental station are determined, service stations are needed to manage docking stations regularly, such as inspecting the problems about theft or vandalism and dispatching bicycles to rebalance bicycles among docking stations. As the central station, the metro station will be a service station responsible for managing the district station and service stations. Besides, IIA is utilized to determine the optimal number and locations of the service stations from the resident stations. Figure 4 presents the relationship between the number of service stations and two terms in function (3) . The sum of the product of proximity and demand in resident stations 1 tends to be downward when the number of service stations increases, whereas the sum of the product of proximity and demand between the metro station and resident stations 2 rises. When the number of service stations is 3, the value of the objective function (3) reaches minimum. It means that the most suitable number of service stations is three within the attractive scope of Tianyin Road metro station.
The metro station mainly provides the service of dispatching bicycles for district stations and service stations. Each service station is responsible for some resident stations which belong to its management, as shown in Figure 5 . 
Optimal Routes for Regular Redistribution.
Once the service stations are determined and the public bicycle system is put into use, bicycles need to be regularly redistributed from one station to another to ensure that bicycles and empty racks are always available for residents pick-up and drop-off at any station. The metro station mainly provides the service of dispatching bicycles for district stations and service stations. Each service station is responsible for certain resident stations which belong to its management. Thus, it is crucial to explore the optimal route options for implementing periodical redistribution, which is a traveling salesman problem (TSP). TSP is a NP-complete problem and it needs to be solved by some intelligent algorithms [19] [20] [21] . This paper utilized the discrete particle swarm algorithm [22] to search the optimal routes. Figure 6 illustrates the optimal fixed-routes for redistributing services in Tianyin Road metro station. Three yellow routes, respectively, present the optimal route option for each service station and their managed resident stations. The green route covers all district stations and service stations and the redistributing strategy starts at the metro station and finally returns to this central station.
Conclusions and Recommendations
In recent years, public bicycles have received a lot of attention. Public bicycles serve as both a competitor for the innercity short-distance trips and a complementary feeder mode with citywide transportation to solve the "last mile" problem.
This study investigates the layout design of public bicycle rental stations within the attracted scope of a metro station. Public bicycle rental stations are qualitatively classified into three types, namely, the metro station, district stations, and resident stations. Initial planning of the number of public bicycles placed at each resident station should meet the peak-hour travel demand for each residential neighborhood. Correspondingly, the metro station and district stations provide enough bicycle racks for these public bicycles docking. Besides, public bicycles in these bicycle rental stations should be redistributed periodically. The metro station redistributes bicycles among district stations and service stations. Meanwhile, service stations provide the dispatching bicycle service for certain resident stations which belong to their management. This paper has developed a mathematical model that provides such an integrated view. A case study of a typical metro station in Nanjing, China, is performed to illustrate the proposed model. The contributions of this paper to the literature are as follows: (1) most of current studies on public bicycle system in the literature have focused on better understanding and promotion policy issues, and we have not found any study that has addressed the strategic planning of the public bicycle rental stations based upon the attractive scope of a metro station; (2) this paper first proposes the service stations and establishes a model to address the selection of service stations and optimal routes for redistributing public bicycles. These findings will make a preparation for the implement of the fourth demandresponsive generation.
Future research would be useful in at least the three following directions. First, more data could be collected from various functional metro stations (e.g., dwelling, shopping, and industry) in other cities of countries. The similar procedure can be followed to obtain different layout designs of the public bicycle systems within the attractive scope of these metro stations. Specific public bicycle facility design would be implemented once the public bicycle system is established. Second, the reuse of public bicycles is not considered, which makes the calculation of the number of public bicycles at rental stations conservative. It would be helpful to develop a more accurate estimation through taking account of reuse rate. Third, the travel demands may vary each day. Thus, it would be helpful to develop a dynamic model to implement redistributing strategy based on the real-time demand (e.g., update the optimal route options daily). The authors recommend that future studies could focus on these issues.
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